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TRANSITION MIXING STUDY 
EMPIRICAL MODEL REPORT 
NASA CONTRACT NO. NAS3-24340 
SUMMARY 
An existing empirical model for predicting temperature distri- 
butions downstream of a row of dilution jets injected into a rec- 
tangular duct has been extended to model the effects of curvature 
associated with transition liners. This extension is based on the 
results of a 3-D numerical model prediction generated in this con- 
tract. The temperature field predicted by the empirical model is 
presented in this report to show the effects of radius of curvature, 
inner and outer wall injection for single and opposed rows of jets, 
flow area convergence, injection position, axial staging, and the 
relationship among injection into a rectangular duct, an annulus, 
and a can. 
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1.0 INTRODUCTION 
This report presents the technical efforts performed by Garrett 
Engine Division (GED)* of Allied-Signal Aerospace Company, a unit of 
Allied-Signal Inc., under the addendum to TMS Contract No. 
NAS3-24340. In this task, the empirical model developed during the 
NASA Dilution Jet Mixing (DJM) Program (Contract NAS3-22110) was 
extended to include the effects of duct radius of curvature, jet 
injection location, and can or annular combustor geometries. The 
modifications to the DJM empirical model were made by using the 3-D 
numerical model results presented in the TMS Final Report1 (NASA 
CR-175062, Garrett 21-5723) as a guide. 
1.1 Background 
GED had developed an empirical m0de12-~ to characterize mixing 
of single or multiple rows of jets injected into a confined cross 
flow as a part of the NASA Dilution Jet Mixing (DJM) Program (Con- 
tract NAS3-22110). This empirical model, limited to mixing in two- 
dimensional ducts, was based on extensive experimental data obtained 
during that program. This empirical model serves as a useful first- 
order dilution zone design tool. Extension of this model to charac- 
terize mixing in curved ducts would greatly widen the model applica- 
bility, but would require additional information on temperature and 
velocity field. 
The mixing characteristics of jets with a cross flow in curved 
ducts have been observed5r6 to be significantly different from those 
in rectangular ducts. The 3-D numerical computations performed dur- 
ing the TMS program1 provided more detailed information on these 
differences. Although the numerical model results were not vali- 
dated against experimental data, they showed characteristics 
observed in References 5 and 6, as well as other test cases where 
experimental data were available. However, it has been sh0wn7-l~ 
that the numerical model tends to underestimate mixing, but repre- 
sents the same qualitative trends observed in several experimental 
measurements. In the absence of extensive experimental data on mix- 
ing in transition liners, the 3-D numerical model results can be 
used as a guide to extend the DJM empirical model. However, care 
has to be exercised to use the numerical model results only as a 
guide to evaluate differences in mixing characteristics between 
curved and rectangular ducts. Such an effort would significantly 
extend the applicability of the empirical model to reverse-flow com- 
bustion systems. 
*Formerly Garrett Turbine Engine Company 
References appear after Section 4.0 
Nomenclature appears after the References 
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1.2 Objective 
The objective of the addendum task to the TMS program is to 
extend the DJM empirical model to include the following effects on 
j e t  mixing: 
0 Duct radius of curvature 
0 Inner and outer wall injections 
0 Single or multiple rows of jets 
0 Can and annular geometries. 
The 3-D TMS numerical model results are to be used as a guide 
in modifying the empirical model. Details of the modified empirical 
model are presented in Section 2 . 0 .  The empirical model results and 
its comparison with the numerical model results are presented in 
Section 3 . 0 .  Finally, Section 4 . 0  provides the conclusions and 
recommendations. 
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2.0 EMPIRICAL MODEL DESCRIPTION 
The trend toward increased 
~ 
power density in small gas turbines 
has required these combustion systems to operate at higher tempera- 
ture levels. Operation at elevated temperatures demands that a 
higher percentage of air be used to cool hot-section components. 
Thus, the amount of dilution air available to tailor the combustor 
exit profile quality is reduced. This situation is more stringent 
in reverse-flow combustors (which are commonly used in small gas 
turbines) because of their larger surface area that needs to be 
cooled. To control the combustor exit temperature profile quality, 
cost-effective design methods that accurately characterize the exit 
temperature distribution, in terms of geometric and flow variables 
upstream, are needed. 
Empirical models currently available in literat~re~,3,~,1~ that
are applicable to combustor dilution zones are limited to rectangu- 
lar ducts without turn sections. The results reported in References 
1, 5, and 6 show that the radius of curvature in turn sections has a 
significant influence on jet penetration and mixing characteristics. 
In the present program, the NASA/Garrett empirical models developed 
in References 2, 3, and 4 are modified and extended to be applicable 
to jet mixing turn sections as well as to annular and can combus- 
tors. Detailed description of the TMS empirical model is presented 
in paragraphs 2.1 and 2.2. The details of the basic empirical model 
are presented in paragraph 2.1, and the modifications made in this 
program to extend the model applicability are described in paragraph 
2.2. 
2.1 NASA/Garrett Empirical Model 
The empirical model developed in this program uses the same 
nomenclature used in References 2, 3 ,  4, and 11. This nomenclature 
also applies to single-sided, opposed, or double rows of jets injec- 
ted into a turn section. The empirical models available in litera- 
ture are based on experimental data, which are limited to jet con- 
figurations in a rectangular duct. 
The temperature field in the flow field is described in a non- 
dimensionalized form by: 
where: 
8 - Theta, nondimensional temperature difference at a 
point in the flow field 
Tm - Mainstream stagnation temperature 
5 
Jet stagnation temperature 
Stagnation temperature at a point in the flow field. 
- Tj - 
T = 
Theta is a measure of the temperature suppression in the flow field. 
The value of theta can vary from one (when measured temperature 
equals the jet temperature) to zero (when the measured temperature 
equals the mainstream temperature). The largest values of theta in 
any profile correspond to the coolest regions of the flow. 
If complete mixing of the jet and mainstream flow occurs, the 
value of theta will be constant and the temperature will everywhere 
be equal to the ideal equilbrium temperature between jet and main- 
stream. Thus, 
where: 
OEB is the ideal equilibrium theta. 
( 3 )  
Here, the subscripts T, B, and m represent the top, bottom, and 
mainstream flows for opposed injections. A similar expression is 
also valid for single or multiple rows of jets. 
The mixing characteristics for opposed injections are similar 
to those with single-sided injections, with the duct height reduced 
to an equilvalent height, Heq. For the top row of jets, the equiva- 
lent duct height has been obtained by Wittigl2 as 
where: 
Ho = Duct height at the jet injection plane 
AT = Effective area of the top injections 
AB = Effective area of the bottom injections. and 
6 
( 4 )  
(5) 
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The theta distribution in the duct is then defined by 
where 8~ and 8~ are the theta distributions in the top and the 
bottom parts of the duct, which are calculated by the empirical 
model for the 3-D temperature distribution. These are expressed in 
nondimensionalized self-similar form as: 
r -i 
This expression is applicable to both top and bottom injec- 
tions. In this equation, e, 8 mint Y, and Wfl/2 are scaling 
parameters as shown in Figure 2-1. 8, is the maximum temperature 
difference ratio in the radial (vertical) profile, and Yc is its 
location. Yc represents the position of the jet centerline. Here, 
@+,in and @-,in are the minimum dimensionless temperature difference 
beyond and before the jet centerline, respectively. 
Since the flow is confined, the entrainment characteristics of 
the jets are not necessarily symmetrical about the jet centerlines. 
Thus, the half widths Wf/2 and Wi/2 are different for top and bottom 
injections. But, for the temperature profile to be continuous, 
f 
The correlations describe the scaling parameters as functions of 
independent variables J, S / D ,  He /D ,  X/Heg, and Z/S. The scaling 
parameters are nondimensionalize8 by using the equivalent duct 
height (Heq). 
Jet Thermal Centerline Trajectory 
i 
7 
LL 
0 
I- z 
UJ 
0 
Ly 
Q, 
a 
0 
100 
I 
1 
I 
I 
1 
I 
I 
1 
1 
1 
Figure 2-1. Schematic of Typical Radial Temperature Profile. 
8 
where: 
Centerplane Minimum Temperature Difference Ratios 
Centerplane Half-Widths 
Injection side of centerline 
(~i/2)/~eq = a6 (J) a 1 5 (  S/D) 27(Heq/D)-0 38 I 
x (Ho/Heq) O *5(Cd) O X/Heq) O 
a6 = 0.2 
Off-Centerplane Thermal Trajectory 
Off-Centerplane Maximum Temperature Difference Ratio 
Oc,z/Oc = 1 - (4)(Z/S)2exp(-d) ( 2 0 )  
where : 
d = ( 0.452 ) (J) O 53 ( S/D)-l* 53 (Heq/D) O 83 (Cd) O 35 (21) 
x (X/Heq)0*83 
Off-Centerplane Minimum Temperature Difference Ratios 
f - f 
~ omin,z/oc,z - %in/oc 
Off-Centerplane Half-Widths 
f 
w1/2, z/Heq = 4/2/Heq 
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+ + The six scaling parameters, Yc/Heqr e, emin, 8minf Wl/~/Heq, and 
Wi/Z/Heq, are used in Equation 8 to define the vertical profile at 
any x,z location in the flow. For all except the case of opposed 
rows of jets with centerlines in-line, Heq in the correlation equa- 
tions is equal to Ho, the height of the duct at the injection loca- 
t ion. 
Double (Axially Staged) Rows of Jets and Opposed Rows of Jets with 
Centerlines Staggered 
It was shown in Reference 4 that these flows can be satisfac- 
torily modeled by superimposing independent calculations of the sep- 
arate elements. This is accomplished as follows: 
43 + + m .  + in 
JB 
Here, the subscript T represents the top row or the lead row of 
axially staged jets, the subscript B repres'ents the bottom row or 
the trailing row of the axially staged jets, and the subscript m 
represents the mainstream flow. 
- Tm - T~ - Tm - T~ 
Tm - T .  3 3 
- I Tm - T 'T - 
These two quantities are computed from equation ( 8 )  by using 
the appropriate equilibrium temperatures as shown here: 
From the definition given in Equation ( 2 ) ,  use the appropriate 
OEB value in Equation (11). 11 
Flow Area Convergence 
This case is modeled by assuming that the accelerating main- 
stream will act to decrease the effective momentum flux ratio as the 
flow proceeds downstream; thus, 
J(x) = (J) [H(x)/H0I2 (25) 
The trajectory and the jet half-widths are calculated in terms of 
the duct height at the injection location and so must be scaled by 
the inverse of the convergence rate, Ho/H(x), to give profiles in 
terms of the local duct height. 
Nonuniform Mainstream Temperature Profiles 
The NASA/Garrett empirical model described in this Paragraph 
was derived for a uniform flow area and a uniform mainstream condi- 
tion. When a nonuniform mainstream temperature profile exists, the 
NASA/Garrett model for theta, ~ N G ,  can be assumed to represent the 
changes in the local mainstream temperature distribution by dilution 
jets. In other words, 
For flows with nonuniform profiled mainstream, the ratio of 
actual temperature change to the maximum possible temperature change 
due to the jets is obtained from the following definition of nondi- 
mensionalized temperature difference ratio: 
where: 
Tmax - Maximum stagnation temperature of the undisturbed 
mainstream profile 
T - Local stagnation temperature 
Tj - Jet stagnation temperature. 
Using Equation 27, the profiled mainstream theta, Qm(Y), can be 
defined as 
12 
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2.2 TMS Empirical Model 
In this program, the NASA/Garrett empirical model described in 
paragraph 2.1 was extended to include the effects of radius of curv- 
ature and injection from inner or outer walls of a turn section. 
The extended model is also applicable to annular or can combustor 
geometries. 
Effects Due to Curvature 
The flow in a curved duct develops a free vortex structure 
caused by flow turning. In such a structure, the local mainstream 
velocity, Vm, can_ be expressed in the form Vm = C/r, where C = 2Um/ 
!r9, + ri), and Um is the average velocity in the duct at the jet 
injection plane. Here, ri and ro are the radius of curvature of the 
inner and the outer walls, respectively. The free vortex structure 
results in higher mainstream velocity near the inner wall than near 
the outer wall. The momentum flux ratio, J, of a jet injected into 
a curved duct becomes 
From this equation, the effective momentum flux ratio of the 
outer wall injection, JOD, is defined as the integrated value of 
Equation 30 over the upper half of the duct. Similarly, the effec- 
tive momentum flux ratio of the inner wall, JID, is defined as the 
integrated value over the lower half of the duct. These effective 
momentum flux ratios are: 
( 3 1 )  JOD = Jo 11 + 2 COD + 4 (coD)21/3 
JID = Jo [J- 2 CID + 4 (cIDI21/3 (32) 
where: 
COD = (1 + Ho/RCI)/(2 + Ho/RCI) ( 3 3 )  
CID = 1/( 2 + Ho/RCI) (34) 
Here, Ho is the duct height at the jet injection location and RCI is 
the inner wall radius of curvature as shown in Figure 3-1. The der- 
ivation of Equations 30 and 31 is shown in Appendix I. 
By using the effective momentum flux ratios in the NASA/Garrett 
empirical model described in paragraph 2.1, good agreement with the 
3-D numerical model results were obtained for outer wall (OD) injec- 
13 
tions. The 3-D numerical model results showed consistently differ- 
ent mixing characteristics for the inner wall (ID) injections from 
those predicted for OD injections. The empirical model needed the 
following additional modifications to exhibit mixing characteristics 
similar to those observed in the 3-D numerical model predictions. 
where 
a5 = 0.1623 if Rci/Heq = Q) (straight duct) 
= 0.3 if RCi/Heq<a (curved duct) 
X Cdo*055(X/Heq) 0.12 
where 
a6 = 0.20 if R,i/Heq = (straight duct) 
= 0.5 if Rci/Heq<a (curved duct) 
For opposed in-line injections, the equivalent duct height was 
obtained from: 
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14 
where: 
Ho = Channel height at injection plane 
b D  = Geometric area of OD jets 
AID = Geometric area of ID jets 
JOD and JID are the effective momentum flux ratios for OD and 
ID jets, respectively (Equations 31 and 32). 
These modifications in the NASA/Garrett empirical model 
resulted in improved agreement with the 3-D numerical model predic- 
t ions. 
For all the TMS test cases, the empirical model shows trends 
similar to the 3-D numerical model results, but with higher mixing 
rates. In the NASA Dilution Jet Mixing Program13, it was demon- 
strated that the 3-D numerical model consistently underestimates 
mixing, compared to measurements. Therefore, the empirical model 
results are expected to be accurate as a design tool. An assessment 
of the empirical model results, in comparison with those of the 3-D 
numerical model, is presented in paragraph 3.0. 
15 
3 . 0  EMPIRICAL MODEL ASSESSWNT 
The empirical model is assessed by comparing the predicted dis- 
tribution of a nondimensional temperature field with the 3-D numer- 
ical model results. The temperature distributions are presented for 
each case in the form of contours along the axial and cross-stream 
planes. The model assessment is presented in this report on the 
basis of the effects of the following parameters on the thermal mix- 
ing: 
0 Duct radius of curvature 
0 Jet injection side (OD versus ID) 
0 Opposed injection 
0 Flow area convergence 
0 Injection position 
0 Axially staged injection 
0 Non-uniform profiled mainstream 
0 Can, channel, and annular geometries. 
There are no directly comparable experimental data available 
for the geometries considered in this report. However, the empiri- 
cal model results have been assessed against measurements obtained 
for jet mixing in rectangular ducts and the corresponding 3-D numer- 
ical model results in Reference 13. The basic geometry of the tran- 
sition liner used is shown in Figure 3-l*. Table 3-1 provides the 
values of each of the parameters considered. These are also cases 
for  which 3-D numerical model results were reported in Reference 1. 
The empirical model results are presented for all the cases except 
test cases 6, 14, 36, 38, and 39. The empirical model results for 8 
are presented for these cases in Figures 3-2 through 3-38. Most of 
the test cases evaluated in this program have rectangular cross sec- 
tions, as shown in Figure 3-2a. For test cases with nonrectangular 
cross sections, the appropriate geometries are presented in the 
centerplane plots. 
The empirical model results are presented only for nondimen- 
sionalized temperature difference, theta. To provide clarity in 
plotting the theta contours, some assumptions are made on the theta 
distribution. Upstream of the jet leading edge, theta values were 
set equal to zero and at the orifice centerline, the theta value was 
set equal to 1. The contour plotting software was used to blend the 
interpolated countour values. Furthermore, the accuracy of the 
empirical model is questionable in regions less than X/Ho = 0.25. 
Therefore, it is recommended that the contour values in the regions 
upstream of X/Ho = 0.25 should be used with caution. 
3.1 Effects of Duct Radius of Curvature 
Table 3-2 lists the relevant test cases with the corresponding 
configurations and figure numbers. The first comparison consists of 
*Figures are at the end of this section. 
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Table 3-1. Rurerical Bxperimnt Test 'Cases. 
PARAMETER 
Rei /it0 
AR 
J 
DIHO 
SIHO 
Iside 
Type 
Tpr of 
--------- 
Rt 
P h i  
HO 
DESCRIPTION 
Curvature Ratio 
Ref. Area Ratio 
NOD. Flux Ratio 
Jet Dia. Ratio 
Spacing Ratio 
Injection Side 
Injection Type 
In1 et Prof i 1 e 
Liner Radius 
I n j .  Position 
Duct Height 
----------- CASE 1 
O. 5 
1 
26.4 
0.25 
0.5 
OD 
Single 
Un i for  a 
Inf. 
0 
0.1016 
---I- 
CASE 2 
0.25 
1 
26.4 
0.25 
0.5 
OD 
Single 
Uniforr 
Inf. 
0 
0,1016 
------ CASE 3 
0.5 
I 
26.4 
0.125 
0,5 
OD 
Single 
Unifwa 
Inf. 
0 
0.1016 
------ CASE 4 
0.5 
1 
26.4 
0.125 
0.5 
ID 
Single 
Uniforr 
Inf. 
0 
0.1016 
------ CASE 5 
0.5 
3 
26.4 
0.25 
0.5 
OD 
Single 
Uni fora 
Inf. 
0 
0.1016 
------ CASE 6 
0.5 
3 (Cir) 
26.4 
0.25 
0.5 
OD 
Single 
Uni f ora 
0.2821 
0 
0.1016 
------ CASE i 
0 .5  
1 
6.6 
0.25 
0.5 
OD 
Single 
Uniforr 
i n f .  
0 
0.1015 
CASE 8 
(1.5 
6.b 
0.25 
0.5 
OD 
Single 
Uniforr 
Inf. 
0 
0. 1016 
------ 
- 
J 
PARAMETER 
Rci/HO 
AR 
J 
D i H O  
W H O  
15i de 
!vpe 
:pro+ 
Rt 
F h i  
--------- 
.I.% 
1 u 
DESCRIPTION 
Curvature Ratio 
Ref. k e a  Ratio 
HOD. Flux Ratio 
Jet Dia. Ratio 
Spacing Ratio 
Injection Side 
Injection Tvpe 
In1 e t  Proi i ie  
Liner Radius 
Inj. Pasition 
?uct Seight 
----------- CASE 9 
0.5 
1 
26. 4 
0.25 
0.5 
ID 
Single 
Uniiorm 
Inf. 
0 
9. io16 
------ CASE 10 
0.5 
1 
6.6 
0.25 
0.5 
ODIID 
Opposed 
Uniforr 
Inf. 
0 
0, i0lA 
------ CASE 11 
0.5 
3 
6.6 
0.25 
0.5 
OD/ ID 
Opposed 
Uni f ora 
Inf. 
0 
0,1015 
------ CASE 12 
Inf 
1 
26.4 
0.25 
0.5 
OD 
Single 
Uni f ora 
Inf. 
0.1016 
------ 
--- 
CASE 13 
0.5 
1 
26.4 
0.25 
0.5 
OD 
Single 
Uniiors 
Inf 
20 
0.lOlb 
------ CASE 15 CASE 16 
0.5 0.5 
1 i 
6.6 6.6 
0.25 0.25 
0.5 0.5  
ID 05 
Single Singiz 
Uniiorm O D  Fed,. 
I n f .  hi. 
3. 1016 3. I!.;:.; 
------ ------ 
9 
PARAHETER 
Rei /HO 
AR 
3 
WHO 
SIHO 
I si de 
TYPO 
Tpr of 
Rt 
Ph i  
HO 
--------- DESCRIPTION 
Curvature Ratio 
Ref. Area Ratio 
Nor. Flux Ratio 
Jet Dia. Ratio 
Spacing Ratio 
Injection Side 
Injection Type 
Inlet  Prof i le  
Liner Radius 
Inj. Position 
Duct Hei oh t 
----------- CASE 17 
0.5 
1 
26. I 
0.1768 
0.5 
OD 
Double 
Uni form 
Inf. 
0120 
0,1016 
CASE 18 
0.5 
1 
26.4 
0.25 
I 
ODIID 
St aggard 
Uni f ora 
Inf , 
0 
0. 1016 
------ CASE 19 
0.5 
1 
26. I 
0.125 
0.25 
OD 
Single 
Uni f ora 
i n f .  
0 
0.1016 
------ CASE 20 
0.5 
1 
105.6 
0.125 
0.5 
ID 
Single 
Uni f ora 
Inf 
0 
0. IO16 
----e 
CASE 21 
Inf 
I 
6.6 
0.25 
0.5* 
DDlID 
Double 
Uni for a 
0.1016 
0.lOlb 
------ 
--- 
CASE 22 
Inf 
1 
26.4 
0.1768 
0.3535* 
OD 
Single 
Uniforr 
0,101 6 
0.1437 
I---- 
--- 
iRSE 23 CASE 24 
Inf 0.5 
1 1 
26.4 26.3 
0.125 0.125 
0.25* 0.5 
OD ID 
Single Single 
Uniform Uniform 
0 I n f .  
60 
0.2032 0.10lb 
-----e ------ 
--- 
*Value at the injection wall 
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Table 3-1. Numerical Experiment Test Cases (Contd). 
PilFrANETER 
Rci/HO 
AH 
J 
D/HO 
SiHO 
Iside 
Tprof 
Rt 
Phi 
YO 
------ --- 
TYPE 
PARAHEiEii  
Rei iHO 
AR 
J 
D i H O  
SiiiO 
I si de 
Type 
Tprof 
R t  
?hi 
Hr, 
------- -- 
PARAHETER 
Rei /HO 
AR 
J 
DIHO 
SIHO 
I si de 
TYPE 
Tprof 
Rt 
Phi  
HO 
--------- 
DESCRIPTION 
Curvature Ratio 
Ref. Area Ratio 
HOD. Flux Ratio 
Jet  Did. Ratio 
Spacing Ratio 
Injection Side 
Injection Type 
Ini e t  Prof i 1 e 
Liner Radius 
I n j .  Position 
Duct Height 
----------- 
CASE 25 CASE 26 
0.5 0.25 
1 1 
26.4 26.4 
0.17be 0.25 
0.5 0.5 
OD ID 
Dou/Off Single 
Uniform Uniform 
In!. Inf . 
0120 0 
0.1016 0.1016 
------ ------ CASE 27 
0.25 
1 
6.6 
0.25 
0.5 
ID 
Single 
Uniform 
Inf. 
0 
0.1016 
------ 
CASE 28 
0.25 
1 
6. & 
0.25 
0.5 
OD 
Single 
Uni f orm 
I n f .  
0 
0.1016 
------ CASE ?? 
0.25 
1 
6.6 
0.25 
0.5 
ODIID 
Opposed 
Uniform 
Ini, 
0 
0.1016 
------ 
CASE 30 
Inf  
1 
6.6 
0.25 
0.5 
ODIID 
Opposed 
Uni f ora 
I n f .  
0.lOlb 
_----- 
--- 
".-"OI uts~nIP7 io# 
Curvature Ratio 
Ref. Area Ratio 
HOD. Flux Ratio 
Jet  Dia. Ratio 
Spacing ilatio 
Injection Side 
injection Type 
Inlet  Profile 
Liner Radius 
:n j. "0.1 iien 
3uct del@ t 
___-------- 
DESCRIPTION 
Curvature Ratio 
Ref. Area Ratio 
HOD. Flux Ratio 
Jet  Dia. Ratio 
Spacing Ratio 
Injection Side 
Injection Type 
Inlet  Prof i le  
Liner Radius 
In j .  Position 
Duct He i q h t  
----------- 
CASE 33 CASE 34 
0.25 0.25 
3 3 
6.6 6.6 
0.25 0.25 
0.5 0.5 
OD/ID ID 
Opposed Single 
Uniform Uniform 
In!. Inf. 
0 0 
4.1016 O.ll!lb 
---___ ------ 
CASE 41 CASE 42 
Inf Inf 
1 1 
26.4 6.6 
0.25 0.25 
0.707* 0.5 
OD OD 
Single Single 
Uniform Uniform 
0 Inf . 
0.1016 0.1016 
--..--- -----e 
--- --- 
CASE 35 
0.25 
3 (Cir) 
6. 6 
0.25 
0.5 
ODIID 
Opposed 
Uniform 
0.2208 
0 
0.1016 
------ 
CASE 36 
0.25 
3 1Coabi 
6.6 
0.25 
0.5 
O D / I D  
Opposed 
Uniform 
0.362'i 
0 
0. 10lb 
------ 
CASE '37 
0.5 
I 
26.4 
0.125 
0.25 
DD/ID 
Opposed 
Uniform 
I n f .  
!:i 
0. !1?16 
------ 
.- 
CASE 38 
Inf 
1 
6. b 
Slot 
0.5 
O D i I D  
OppiAlgn 
Uniform 
In f  
3 ,  !cis 
------ 
--- 
CliSE 51 
Inf  
3 
6.6 
0.25 
0.5 
OD/ID 
Opposed 
Uni fora 
i n f .  
0. !(jib 
------ 
--- 
CASE 39 
I n f  
1 
6. b 
Slot 
0.5 
GDIID 
GppiCross 
Uniiorr 
l n f  
:, . f [ I 1  j 
------ 
--- 
ORIGINAL PAGE IS 
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Table 3-2. Test Cases Comparing Curvature Effects. 
PARAHETER 
Rei /HO 
AR 
J 
DIHO 
SIHO 
Is ide 
Tprof 
ict 
Phi 
HO 
--------- 
Type 
DESCRIPTION 
Curvature Ratio 
Ref. Area Ratio 
HIM. Flux Ratio 
Je t  Dia. Ratio 
Spacing Ratio 
Injection Side 
Injection Type 
In le t  Prof i le  
Liner iiadius 
Inj ,  Position 
Duct Height 
iioure Husber 
----------- 
.----------- Coapari son 1--------- 
CASE 1 
0.5 
1 
26.4 
0.25 
0.5 
OD 
Single 
Un i fora  
Inf. 
0 
0.1016 
5-2 
------ CASE 2 
0.25 
1 
26.4 
0.25 
0.5 
OD 
Single 
Unifora 
Inf. 
0 
0.1016 
3-3 
CASE 12 
Inf 
1 
26.4 
0.25 
0.5 
OD 
Single 
Uni f ori 
Inf . 
0. IO16 
3-12 
------ 
--- 
CASE 7 
0.5 
I 
6.4 
0.25 
0.5 
OD 
Single 
Uniform 
Info 
0 
0. 1016 
3-7 
------ CASE 38 
0.25 
1 
6.6 
0.25 
0.5 
OD 
Single 
Un i fori 
Inf. 
0 
0.1016 
5-2; 
------ CASE 42 
Inf 
1 
6.6 
0.25 
0.5 
OD 
Single 
Uniform 
In f ,  
--- 
0. i<ilh 
3-38 
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test cases 1, 2, and 12 at a momentum flux ratio (J) of 26.4. The 
results are presented in Figures 3-2, 3-3, and 3-13, respectively. 
Test case 12 represents a straight duct, while cases 1 and 2 repre- 
sent ducts with nondimensional inner wall radius of curvature 
(Rci/HO) of 0.5 and 0.25, respectively. For each of these cases, 
contour plots of 0 are presented in the longitudinal plane along the 
jet centerline and in the transverse plane at 4 = 30 degrees into 
the turn section. For straight duct cases, the transverse plane 
contours are presented at x/Ho = 1.0. 
The empirical model predicts deeper jet penetration and 
increased mixing in curved ducts (Figures 3-2 and 3-3), compared to 
straight ducts (Figure 3-12). Decreasing the curvature ratio 
(Rci/HO) from 0.5 to 0.25 results in a slightly higher mixing rate, 
as seen in Figures 3-2 and 3-3. 
The second comparison comprises cases 7, 28, and 42, which show 
the effects of curvature at a momentum flux ratio (J) of 6.6. The 
empirical model results for these cases are presented in Figures 
3-7, 3-27, and 3-38. These figures also show increased jet penetra- 
tion in a curved duct, similar to that observed for J = 26.4. 
Comparison of the empirical model results and the 3-D numerical 
model predictions (Reference 1) shows good agreement. The empirical 
model, however, shows higher mixing than does the 3-D numerical 
model for all the test cases evaluated. It has been shown (Refer- 
ence 13) that the numerical model consistently underestimates mix- 
ing, compared to measurements. In view of these factors, the empir- 
ical model results are expected to be accurate within most engineer- 
ing design accuracy requirements. 
3.2 Effects of OD and ID Injections Into a Curved Duct 
The relevant test cases and their defining parameters needed to 
discuss the effect of outer wall (OD) and inner wall (ID) injections 
are listed in Table 3-3. 
The first two cases (1 and 9) compare the temperature field for 
a curvature ratio of 0.5 at J = 26.4. Case 1 (Figure 3-2) repre- 
sents OD injection and case 9 (Figure 3-9) represents ID injection. 
The jet penetration for OD wall injection is deeper than that for ID 
injection for the same orifice configuration and momentum flux 
ratio. This effect is caused by the free vortex structure associ- 
ated with flow in turn sections. Furthermore, the jet structure, as 
seen in the transverse plane contour plots, shows significant dif- 
ferences. The OD injection (Figure 3-2b) exhibits the familiar 
kidney-shaped vortex structure, which is not evident in ID injection 
(Figure 3-9b). For OD injections, the process of mainstream 
entrainment by the jets through the pair of shed vortices is aug- 
mented by the free vortex structure caused by flow turning. For ID 
injections, however, the entrainment of mainstream is against the 
, 20 
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Table 3-3. Test Cases Comparing OD and ID Injection Effects. 
PbRAHETER --------- 
Iside 
Rri lH0 
AR 
J 
DIHO 
S/HO 
Tprof 
Rt 
Phi 
H0 
Type 
DESCRIPTION 
Injection Side 
Curvature Ratio 
Ref. Area Ratio 
Hoa. Flux Ratio 
Jet Dia. Ratio 
Sparing Ratio 
Injection Type 
Inlet Profile 
Liner Radius 
Inj. Position 
Duct Height 
Figure Number 
----------- 
.----- Conparison 1---- 
CASE 1 
OD 
0.5 
1 
26.4 
0.25 
0.5 
Single 
Uniforn 
I n f .  
0 
0.1016 
5-2 
------ CASE 9 
ID 
0.5 
1 
2b.4 
0.25 
0.5 
Single 
Uni f orn 
I n f .  
#:I 
0.1016 
3-9 
------ 
,---Conpari son 2----- 
CASE 3 CASE 4 
OD ID 
0.5 0.5 
'1 1 
26.4 26.4 
0.125 0.125 
0.5 0.5 
Singie Single 
Unifcrr Uniforr 
Inf. Inf, 
0 0 
0.lOlir 0. 1016 
3-4 3-5 
------ ------ CASE 7 CASE 15 
OD ID 
0.5 0.5 
1 1 
6.6 6.6 
0.25 0.25 
0,: ;I * 5 
Single Singie 
ilniforr Uniforr 
!nf. ;n: 8 
3 'J 
0. lOlb 6. N i b  
3-7 ;-14 
----e- ------ 
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direction of the free vortex in turn sections. This difference 
between the two vortex interactions accounts for the jet structural 
differences between OD and ID injections. 
The next two cases, 3 and 4, show similar OD and ID injection 
comparison for D/Ho = 0.125 at the same values of Rci/HO = 0.5 and 
J = 26.4. Case 3 (Figure 3-4) represents OD injection, case 4 (Fig- 
ure 3-5) corresponds to ID injection. These figures also show the 
reduced jet penetration and mixing for ID injections compared to OD 
injections. These figures also show the reduction in jet 
penetration, compared to cases 1 and 9, associated with reduced jet 
diameter. 
The next test cases, 7 and 15, compare OD and ID injections 
with the same configuration as cases 1 and 9, but at a reduced 
momentum flux ratio of 6.6. Case 7 (Figure 3-7) represents OD 
injection; case 15 (Figure 3-14) corresponds to ID injection. At 
J = 6.6, the OD jets penetrate to approximately 45 percent of duct 
height at 30 degrees into the turn section (compared to 70 percent 
at J = 26.4). At the same location, the ID jets penetrate only 
approximately 30 percent of the duct height at J = 6.6 (compared to 
60 percent at J = 26.4). Apart from the differences in the jet pen- 
etration, these cases exhibit similar characteristics observed for 
OD and ID injections. 
The next cases, 27 and 28, provide a similar comparison at 
J = 6.6 for Rci/HO = 0.25. Case 27 (Figure 3-26) corresponds to ID 
injection, while case 28 (Figure 3-27) represents OD injection. 
Reduced jet penetration and non-kidney-shaped structure for ID jets 
are also seen in these cases. Similar differences in jet mixing 
characteristics were observed in the 3-D numerical model predictions 
reported in Reference 1. 
3 . 3  Effects of Opp osed Injection 
The relevant cases for discussing the effects of opposed injec- 
tion in a curved duct are listed in Table 3-4. 
The first test case in this table, case 30 (Figure 29), corres- 
ponds to opposed injection in a straight duct with J = 6.6, which 
provides a baseline for comparison. For this case, the opposing 
jets impinge at the center of the duct, exhibiting identical mixing 
characteristics. 
Test case 10 (Figure 3-10) corresponds to opposed jet injection 
in a curved duct with Rci/HO = 0.5 and J = 6.6. For this case, the 
OD jets penetrate farther than the ID jets, thus the jet impingement 
occurs closer to the inner wall. In addition, the difference in the 
structure of jets for OD and ID injections are also evident. The 
total jet mass flow rate in this case is the same as that in cases 1 
(OD jets) and 9 (ID jets), but the opposed jet configuration results 
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Table 3-4. Test Cases Comparing Opposed Injection 
Effects In a Curved Duct. 
PARAHETER --------- 
I si de 
R c i  /H0 
AR 
J 
S/H0 
D/HO 
Tprof 
Rt 
Chi 
it0 
Type 
oEscRrmoH ----------- 
Injection Side 
Curvature Ratio 
Ref. Area Ratio 
Nor. Flux Ratio 
Spacing Ratio 
Jet Dia. Ratio 
Injection Type 
In1 et Prof i I e 
Liner Radius 
In!. ?osit:un 
Duct Height 
Figure Number 
.-------------------- Corparison 1--------------------- 
CASE 30 CASE 10 CASE 29 CASE 37 CASE 18 
ODlID OD/ ID DDlID ODlID ODlIri 
Inf 0.5 0.25 0.5 0.5 
1 1 1 1 1 
6.6 6.6 6.6 26.4 26.4 
0.5 0.5 0.5 0.25 1.0 
9.25 0.;5 0.25 I:I.~EI 0.25 
Opposed Opposed Opposed Opposed Staggered 
Uniform Uniform Uniform linifora Unifora 
i n f .  inf. I n f .  Inf . in!. 
--- 0 0 3 (I 
0.1016 0.1016 0,1016 O.lOl6 d.1016 
3-29 3-10 3-28 3-35 3-17 
------ ----e- ------ ----e- ------ 
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I in enhanced mixing, compared to single-sided injection for the same 
jet mass flow rate. The same effect was also seen in the 3-D numer- 
ical results. 
It was concluded in References 11, 14, and 15 that the most 
significant flow and geometric variables affecting the penetration 
and mixing of a row of jets injected into a confined cross flow were 
the jet-to-mainstream momentum flux ratio and the ratio of jet spac- 
ing to the height of the duct. That is, the mixing is similar if 
these parameters are coupled such that: 
c = (S/HO) &- 
It was shown in Reference 16 that optimum mixing was obtained 
in a rectangular duct for C = 2.5, and that values of C that were a 
factor of two larger or smaller corresponded to over- and under-pen- 
et rat ion. 
For opposed jets in a straight duct, optimum mixing was 
obtained in Reference 16 for C = 1.25. This implies that the equiv- 
alent duct height for opposed injection is 0.5 Ho. For opposed jets 
in a curved duct, the equivalent duct height would be slightly dif- 
ferent from 0.5 Ho because of the curvature effects on jet penetra- 
tion. However, the optimum value of C for curved ducts is the same 
as that for straight ducts. 
Test Case 29 (Figure 3-28) corresponds to opposed jet injection 
in a curved duct with Rci/HO = 0.25 and J = 6.6. For this case, the 
drift of the jets toward the inner wall is evident. Comparing this 
to equivalent single-sided injections, namely, cases 2 (Figure 3-3) 
and 26 (Figure 3-25) show enhanced mixing with opposed injections. 
Test case 37 (Figure 3-35) represents opposed jet injection in 
a curved duct with Rci/HO = 0.5, J = 26.4, and D/Ho = 0.125. This 
case has twice as many as jets as test cases 7 (Figure 3-7) and 15 
(Figure 3-14), but has half the diameter. These three cases all 
have the same total jet flow rate. Comparison of theta distribu- 
tions for these cases clearly shows the enhanced mixing associated 
with opposed injection. 
It was also reported in References 14 and 16 that enhanced mix- 
ing was obtained when alternate jets for "optimum" one-side injec- 
tion were moved to the opposite wall, creating opposed rows of jets 
with centerlines staggered. The analogous situation in a turning 
duct is shown in Figure 3-17a for case 18. Figure 3-17a shows theta 
contours along the plane containing OD jet centerline, and Figure 3- 
17b shows theta contours along the ID jet centerline. Figure 3-17c 
shows the theta contours on the transverse plane. The equivalent 
single-sided injection results are presented in Figure 3-2 (for case 
1) and in Figure 3-9 (case 9) for OD and ID injections, respec- 
tively. 
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These contours show that both the OD and ID jets in the opposed 
row/staggered jets configuration penetrate farther than those in the 
comparable single-side case, as was also observed in the straight 
duct case in Reference 16. 
3.4 Effects of Converqence 
The relevant test cases that show the effects of convergence 
are listed in Table 3-5. This table includes convergence effects 
with single-sided injections from OD as well as ID in addition to 
opposed injection in both rectangular and curved ducts. For these 
cases, the inlet-to-exit area ratio is maintained at 3.0. For one of 
these cases, the convergence in turning duct is achieved through 
reduction in flow passage in the circumferential direction, while a 
constant channel height is maintained. 
The first comparison consists of case 1 (Figure 3-2), with an 
area ratio (AR) of 1.0, and case 5 (Figure 3-6), with an area ratio 
of 3.0 for the same orifice geometry and flow conditions. 
Test cases 7 (Figure 3-7) and 8 (Figure 3-8) provide a similar 
comparison at J = 6.6. The reduction in flow area in the turning 
duct increases the migration of the jets toward the inner wall and 
causes a small increase in the mixing rate. 
Cases 27 (Figure 3-26) and 34 (Figure 3-33) provide a comparison 
of convergence effects for ID jets with J = 6.6 and Rci/HO = 0.25. 
For these cases, the nondimensional temperature distributions show 
little difference, which implies negligible effects of convergence 
for ID injections. 
The next set of cases, 29, 33, and 35, show the convergence 
effects for opposed jet injection. Case 29 (Figure 3-28) corres- 
ponds to AR = 1.0; case 33 (Figure 3-32) shows the results for con- 
vergence in the radial direction (AR = 3.0), and case 35 (Figure 3- 
34) shows the results for convergence in the circumferential direc- 
tion. These figures also show minimal influence of convergence on 
mixing. 
Test cases 30 (Figure 3-29) and 31 (Figure 3-30) show the con- 
vergence effects in a rectangular duct. Convergence apparently 
reduces the gradients in the theta distribution, and the effects are 
similar to those observed for curved ducts. 
3.5 Effects of Jet Injection Position 
The relevant test cases that show the effects of injection 
position are listed in Table 3-6. The first pair of cases compares 
the effects of change in the injection position from 0 degrees (case 
1, Figure 3-2), or the start of the turning section of the duct to 
20 degrees into the turning section (case 13, Figure 3-13). The jet 
25 
Table 3-5. Test Cases Comparing Convergence Effects. 
PARAHETER 
frR 
Rci IHO 
J 
DIHO 
SIHO 
Iside 
Tprof 
Rt 
Phi 
HO 
--------- 
Type 
DESCRIPTION 
Ref. Area Ratio 
Curvature Ratio 
Ion. Flux Ratio 
Jet  Dia. Ratio 
Spacing Ratio 
Injection Side 
Injection Type 
In1 et  Prof i 1 e 
Liner Radius 
In j .  Position 
Duct Height 
Figure Nurber 
----------- 
YiRAYETER 
% 
Rei !HO 
3 
D i H O  
SIHO 
Iside 
TY Pe 
Tprof 
Rt 
Phi 
NO 
--------- 
OESCF! IPTION 
c e t .  k e a  Satio 
Curvature Ratio 
Ron. Fiux Ratio 
Jet  Dia. Ratio 
Spacing Ratio 
Injection Side 
Injection Type 
Inlet  Profile 
Liner Radius 
In j. Position 
Duct Height 
Figure Number 
---------_- 
- .  
------ Comparison 1-- 
CASE 1 CASE 5 
1 3 
0.5 0.5 
26.4 26.4 
0.25 0.25 
0.5 0.5 
OD OD 
Single Single 
Uniforr Uniform 
Inf. Inf. 
0 0 
0. I016 0.1016 
3-2 3-6 
------ ------ 
---Coeparison 4----- 
CASE 27 CASE 34 
: 3 
0.25 0.25 
6.6 6.6 
0.25 0.25 
0.5 0.5 
ID ID 
Single Single 
Uniform Uniform 
Inf. Inf. 
0 0 
0.1016 0.1016 
3-26 3-33 
------ -----_ 
----Compari son 2---- 
CASE 7 CASE 8 
1 3 
0.5 0.5 
0. 0 6.6 
0.25 0.25 
0.5 0.5 
OD OD 
Single Single 
Uniform Uniform 
Inf. Inf. 
0 0 
0.1016 0.1016 
3-7 3-8 
------ ------ 
----Corpari son 3---- 
CkSE 10 CASE 11 
1 3 
0.5 0.5 
6.6 6.6 
0.25 0.25 
0.5 .- 0.5 
DD/ID 
Opposed 
Uniforr 
I n f .  
0 
0.1016 
3-10 
C X E  29 
1 
0.25 
6. 6 
0.25 
0.5 
ODlID 
Opposed 
Unif orn 
Inf. 
0 
0.1016 
3-28 
------ 
CASE 33 
------ .. 
J 
0.25 
6.6 
0.25 
0.5 
OD/ ID 
Opposed 
Uniform 
Inf, 
0 
0.lOlb 
3-32 
CASE 35 
Z iCiri 
0.25 
6.6 
0.25 
0.5 
OD/ ID 
Opposed 
Uniform 
0.2208 
0 
O.lOl6 
3-34 
------ 
OBiID 
Opposed 
Uni f arm 
Inf. 
0 
0.1016 
3-1 1 
----Cornpar i sofi 6---- 
CASE 30 
I 
Inf 
6.6 
0.25 
0.5 
OD/ID 
Opposed 
Uni form 
I n f .  
0.1016 
3-29 
------ 
--- 
CASE 31 
------ - , 
I P f  
6. b 
c. 25 
0.5 
OWID 
Opposed 
Uni f orm 
Inf. 
0.1016 
3-30 
--- 
I 
I 
I 
I 
I 
I 
I 
I 
1 
1 
I 
I 
I 
I 
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Table 3-6. Test Cases Comparing Injection Position Effects. 
PARAHETER DESCRI PTION UNITS 
Phi I n j .  Position Deg's 
Rci/HO Curvature Ratio --- 
AR Ref. Area Ratio --- 
3 nor. Flux Ratio --- 
DIHO Jet Dia. Ratio --- 
S/HO Spacing Ratio --- 
hide Injection Side --- 
Type Injection Type --- 
Tprof Inlet Profile --- 
--------- ------..---- ------ 
Rt Liner Radius Heters 
HO Duct Height Heters 
Figure Number --- 
----Comparison 1----- 
CASE 1 
0 
0.5 
1 
26.4 
0.25 
0.5 
OD 
Single 
Uniforn 
Inf. 
0.1016 
3-2 
CASE 13 
20 
0.5 
1 
26.4 
0.25 
0.5 
OD 
Single 
Uni for I 
Inf. 
0,1016 
3-13 
----- 
~~~ 
---Corpari son E---- 
CASE 4 CASE 24- 
0 60 
0.5 0.5 
1 1 
26.4 26.4 
0.125 0.125 
0.5 0.5 
ID I D  
Single  Single 
Uniiorm Jniiorm 
I n f .  In!, 
O.lO16 0. lcJl6 
:-5 :-2: 
------ ------ 
I 
I 
I 
1 
I 
I 
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injection position of 20 degrees also corresponds to the downstream 
jet location in cases 17 and 25 for a double row of axially staged 
jets. The results for cases 1 and 13 are similar. 
The second pair of cases, 4 (Figure 3-5) and 24 (Figure 3-23), 
compares the empirical model results for ID injections when the 
injection position is moved from 0 to 60 degrees in the turn sec- 
tion. The pressure gradient caused by the turn section at the 60 
degree position is significantly different from that at the 0 degree 
position. This causes increased jet spreading for case 24 (Figure 
3-23b), compared to case 4 (Figure 3-5b). 
3.6 Effects of Axially Staged Injection 
The effects of axial staging are presented from the relevant 
test cases shown in Table 3-7. Case 1 (Figure 3-2) provides a base- 
line configuration. Test case 17 (Figure 3-17) corresponds to a 
double row of orifices with D/Ho = 0.1768, with the trailing row 
positioned at 20 degrees into the turn section. The empirical model 
predicts increased mixing for this configuration, compared to case 
1, even though the jet penetrations are comparable. This is primar- 
ily because of the added mixing caused by the wake of the lead row 
of jets. 
In test case 25 (Figure 3-24), the double row of orifices used 
in case 17 is positioned in a staggered configuration. The contours 
shown in Figure 3-24a correspond to the results along the lead-row 
centerplane. Figure 3-24b shows the results along the trailing-row 
centerplane. These figures show contours similar to those obtained 
for case 17. However, the transverse plane contours (Figure 3-24c) 
show a substantially uniform theta distribution in the cross-stream 
direction. This effect was not predicted by the 3-D numerical 
model. The results reported in Reference 13 show that the experi- 
mental data were in better agreement with the empirical model 
results than with the 3-D numerical predictions. 
3.7 Effects of Mainstream Inlet Temperature Profile 
The effect of mainstream inlet temperature profile is seen by 
comparing the results for the test cases shown in Table 3-8. Case 7 
(Figure 3-7) provides the baseline case with a uniform mainstream 
inlet profile. Case 16 corresponds to single-sided (OD) injection 
with a non-uniform inlet temperature profile. Figure 3-39 shows the 
nondimensionalized mainstream inlet temperature profile (an OD 
peaked temperature profile with peak value at 80 percent of duct 
height). For this case, the empirical- model results were obtained 
by superimposing the results obtained for case 7 and the inlet theta 
distribution. Figure 3-15 shows good agreement with the numerical 
model results reported in Reference 1. 
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Table 3-7. Test Cases Comparing Axially Staged Injection Effects. 
PARAHETER DESCRIPTION UNITS 
Type Injection Type --- 
RcilHO Curvature Ratio --- 
IIR Ref. Area Ratio --- 
J tloi. Flux Ratio --- 
D/HO Jet Dia. Ratio --- 
S/HQ Spacing Ratio --- 
Iside Injection Side --- 
Tprof Inlet Profile --- 
Phi InJ. Position Deg's 
--------- ----------- ------- 
Rt Liner Radius fleters 
HO Duct Height Meters 
Figure Number --- 
~~ ~~~ 
Coipar i son I--------- .---------- 
CASE 1 
Single 
0.5 
1 
26.4 
0.29 
0.5 
Uni for i  
Inf. 
0 
0.1016 
3-2 
-----.. 
a0 
CASE 17 
Double 
0.5 
1 
26.4 
0.1768 
0.5 
OD 
Uniform 
Inf. 
0i20 
0.1016 
5-17 
------ CASE 25 
Douf Of f 
0.5 
1 
26.4 
0.5 
OD 
Uniforn 
Inf. 
0!?9 
9.1016 
2-24 
------ 
0.17ba 
29 
30 
Table 3-8. Test Cases Comparing Mainstream 
Inlet Profile Effects. 
 
PARAHETER 
--------- 
Tprof 
Rci/HO 
CIR 
J 
D/HO 
S/HO 
Iside 
TYPE 
Rt 
Phi 
ti9 
DESiRI Pi ION 
Inlet Profile 
Curvature Ratio 
Ref. Area Ratia 
#OD. Flux Ratio 
Jet h a .  Ratio 
Spacinq Ratio 
Injettion Side 
Injection Type 
Liner Radius 
in j .  Position 
Duct Height 
Fi qur e Nurber 
----------- CRSE 7 
Uniform 
0.5 
1 
6. b 
0.25 
0.5 
OD 
Single 
Inf. 
0 
G .  1916 
3-7 
------ 
ChSE l b  . ------ 
OD Peak. 
0.5 
I 
6.6 
0.25 
0.5 
OD 
Sinqie 
I n f .  
0 
0. loin 
3-15 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
3.8 Mixinq of Jets in a Can, Rectanqular, and Annular Duct 
Table 3-9 lists the relevent test cases comparing jet mixing in 
can, rectangular, and annular ducts. The first set of cases are 12, 
22, and 23. Case 12 (Figure 3-12) represents single-sided injection 
into a rectangular duct. Case 22 (Figure 3-21) represents injection 
into an equivalent-area annular duct using the same orifice config- 
uration. Case 23 (Figure 3-22) corresponds to injection into a 
straight can having the same volume as the rectangular duct. The 
jet penetration into an annular duct is comparable to that in a rec- 
tangular duct even though S/Ho values are different. At x/Ho = 1, 
the jet penetration is approximately 50 percent of the duct height 
in cases 12 and 22. For the case of injection in a can, however, 
the jet penetration is about 40 percent of the can radius. 
The next pair of cases, 21 and 30, compares the effects of 
opposed injection into an annulus and an equivalent-area rectangular 
duct. Figure 3-29 (case 30) shows the empirical model results for 
injection into a rectangular duct. The jets impinge at mid-channel, 
followed by enhanced mixing with theta contours similar to those 
obtained in case 12. The total jet flow rates in cases 30 and 12 
are the same. 
Figure 3-20 (case 21) shows the results for opposed injection 
into an annulus. The values of J, S/Ho, and D/Ho, were maintained 
the same as in Case 30, but the channel height was varied in order 
to maintain the same flow area. The resulting value of the jet-to- 
mainstream flow rate ratio for case 21 is 0.3195, compared to 0.3082 
for case 30. The jet penetration and mixing for these two cases are 
comparable. However, the structure of the inner jet into the annulus 
is different from that in a straight duct because of the inner wall 
radius effects. This effect was also observed in the 3-D numerical 
model results. 
The last set of cases (12, 40,  and 41) shows the equivalency 
between injection in a rectangular duct and in a can. Case 12 (Fig- 
ure 3-12) represents a rectangular duct geometry. In case 40, a can 
with the same spacing ratio and with a radius equal to the duct 
height in case 12 was used, but the spacing was based on the sector 
arc length at half the can radius. Case 41 also uses a can of the 
same radius and spacing, but the spacing was based on the sector arc 
length at the radius which divided the cross sectional area of the 
can into two equal parts. Streamwise contours for these cans can be 
seen in Figures 3-36 and 3-37. The trajectory of the jet in case 41 
almost duplicates that of case 12, while case 40 over-penetrates. 
The equivalency of uses 12 and 41 can also be seen in the cross- 
stream contours shown in Figures 3-36b and 3-37b. 
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Table 3-9. Test Cases Comparing Can, Annular/Channel Geometry 
Effects . 
PSiib?lETE3 ;ESiR:PT:gn IJHiij 
--------- ----------- ------- 
i-!t Liner Radius Heiers 
i?c:;El) Curvatwe R a t i o  --- 
kFi Rei. Area Ratio --- 
; Htrn. i l u r  kati9 --- 
DI "?  Jet Lha. Ritio --- 
j i g 6  Spacing Ratio --- 
M i e  injection Side --- 
Tvce Injection i w e  --- 
7pr.i iniet iroi i ;e  --- 
? h i  Inj .  Iosition h a ' r  
&? Cuct rieight neters 
F igre  :iurber --- 
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.--------- CDsoari 5cn I---------- .---Cornoariron 2--- 
CASE 21 iA5E 20 
0.19lb Inf . 
Inf In i  
1 1 
6.6 b. b 
0.25 0.25 
0.5 0.5 
ODiIJ ODiID 
h u b  1 e Dooosed 
Yniiorr Uniiori 
0.1OlO 0.!016 
:-o A - i 9  
--e--- ---- 
--- --- 
-.I 
--------- Coroariscn 3------- 
CASE 12 
Inf .  
Inf 
1 
26. k 
0.25 
0.5 
OD 
Sinaie 
Uoiiorm 
0. 1916 
3-12 
------ 
--- 
c;si 40 
0 
Inf 
1 
26.4 
0.25 
1 
00 
Sincle 
Uni f orn 
3. :!I! 6 
------ 
--- 
* * I  
P A 0  
I 
I 
I 
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I 
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1 
I 
I 
I 
I 
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I 
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Figure 3-1. Basic Geometry of the Transition Liner. 
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Figure 3-2a. Streamwise Theta Contours for Case 1. 
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Figure 3-2b. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 1. 
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Figure 3-3a. Streamwise Theta Contours for Case 2. 
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Figure 3-3b. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 2. 
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Figure 3-4a. Streamwise Theta Contours for Case 3. 
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Figure 3-4b. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 3. 
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Figure 3-5a. Streamwise Theta Contours for Case 4. 
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Figure 3-5b. Cross-Stream Theta Contours at Phi = 20 Degrees 
for Case 4. 
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Figure 3-6a. Streamwise Theta Contours for Case 5. 
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Figure 3-6b. Cross-Stream Theta Contours at Phi = 20 Degrees 
for  Case 5. 
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Figure 3-7a. Streamwise Theta Contours for Case 7. 
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Figure 3-7b. Cross-Stream Theta Contours at Phi = 20 Degrees 
for Case 7. 
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Figure 3-8a. Streamwise Theta Contours for Case 8. 
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Figure 3-8b. Cross-Stream Theta Contours at Phi = 20 Degrees 
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Figure 3-9a. Streamwise Theta Contours for Case 9. 
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Figure 3-9b. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 9. 
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Figure 3-loa. Streamwise Theta Contours for Case 10. 
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Figure 3-lob. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 10. 
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Figure 3-lla. Streamwise Theta Contours for Case 11. 
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Figure 3-llb. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 11. 
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Figure 3-12b. Cross-Stream Theta Contours at x/Ho = 0.75 
for Case 12. 
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Figure 3-13a. Streamwise Theta Contours for Case 13. 
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Figure 3-13b. Cross-Stream Theta Contours at Phi = 50 Degrees 
for Case 13. 
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Figure 3-14a. Streamwise Theta Contours for Case 15. 
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Figure 3-14b. Cross-Stream Theta Contours at Phi = 20 Degrees 
1 
for Case 15. 
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Figure 3-15a. Streamwise Theta Contours for Case 16. 
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Figure 3-15b. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 16. 
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TMS CASE 1 7 - O D  S T A G E D  JETS, Js26.4, S / H 0 = . 5 ,  D/H0=.1768, RCI/HO=.S, A R = I . O  
Figure 3-16a. Streamwise Theta Contours for Case 17. 
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Figure 3-16b. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 17. 
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Figure 3-17a. Streamwise Theta Contours Along the Top 
Jet Centerplane for Case 18. 
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Figure 3-17b. Streamwise Theta Contours Along the Bottom Jet 
Centerplane for Case 18. 
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Figure 3-17c. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 18. 
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Figure 3-18a. Streamwise Theta Contours for Case 19. 
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I I Figure 3-18b. Cross-Stream Theta Contours at Phi = 20 Degrees for Case 19. 
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CASE 20-ID J E T S ,  Jz105 .6 ,  S/HO=0.50, D/H0=0.125, RCI/HO=O.5, AR=I.O 
Figure 3-19a. Streamwise Theta Contours for Case 20. 
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Figure 3-19b. Cross-Stream Theta Contours at Phi = 20 Degrees 
for Case 20. 
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Figure 3-20b. Cross-Stream Theta Contours at x/Ho = 0.25 
for Case 21. 
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Figure 3-21b. Cross-Stream Theta Contours at x/Ho = 0.25 
for Case 22. 
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3-22b. Cross-Stream Theta 
for  Case 23. 
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Figure 3-23a. Streamwise Theta Contours for  Case 24. 
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for Case 24. 
Figure 3-23b. Cross-Stream Theta Contours at Phi = 90 Degrees 
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Figure 3-24a. Streamwise Theta Contours Along the Lead Row 
Jet Centerplane for Case 25. 
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Figure 3-24b. Streamwise Theta Contours Along the Trailing 
Row Jet Centerplane for Case 25. 
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Figure 3-24c. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 25. 
81 
C O N T O U R  V A L U E  
1 0 .0500  
2 0 .1000  
3 0 . 1 5 0 0  
4 0 . 2 0 0 0  
5 0 . 2 5 0 0  
6 0 .3000  
7 0 . 3 5 0 0  
8 0 .4000  
9 0 .4500 
10 0 . 5 0 0 0  
1 1  0 . 6 0 0 0  
T M S  C A S E  26-ID JETS, J=26.4, S / H O = O . 5 ,  D / H O = 0 . 2 5 ,  R C I / H O = 0 . 2 5 ,  A R s I . 0  
Figure 3-25a. Streamwise Theta Contours for Case 26. 
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Figure 3-25b. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 26. 
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Figure 3-26a. Streamwise Theta Contours for Case 27. 
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for Case 27. 
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Figure 3-27a. Streamwise Theta Contours for Case 28. 
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Figure 3-28b. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 29. 
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Figure 3-29b. Cross-Stream Theta Contours at x/Ho = 0.25 
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Figure 3-30b. Cross-Stream Theta Contours at x/Ho = 0.25 
for Case 31. 
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Figure 3-31a. Streamwise Theta Contours for Case 32. 
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Figure 3-31b. Cross-Stream Theta Contours at Phi = 20 Degrees 
for Case 32. 
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Figure 3-32a. Streamwise Theta Contours for Case 33. 
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Figure 3-33a. Streamwise Theta Contours for  Case 34. 
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Figure 3-3310. Cross-Stream Theta Contours at Phi = 30 Degrees 
for Case 34. 
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Figure 3-34b. Cross-Stream Theta Contours at Phi = 36 Degrees 
for Case 35. 
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Figure 3-35a. Streamwise Theta Contours for Case 37. 
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Figure 3-3613. Cross-Stream Theta Contours at x/Ho = 0.25 
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Figure 3-37b. Cross-Stream Theta Contours at x/Ho = 0-25  
for Case 41. 
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Figure 3-38b. Cross-Stream Theta Contours at x/Ho = 0.25 
for Case 42. 
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CONCLUSIONS 
Conclusions 
AND RECOMMENDATIONS 
The empirical model that was developed in the NASA Dilution Jet 
Mixing Program has been extended to be applicable to turn sections. 
The results obtained from 3-D numerical model predictions were used 
as a guide to extend the empirical model. The empirical model pre- 
dictions were obtained for all the relevant test cases for which the 
3-D numerical model results were available. The following conclu- 
sions are made from these results: 
0 
0 
0 
0 
0 
0 
0 
0 
Transition liner curvature causes the jets to drift toward 
the inner wall. The free vortex structure caused by the 
turn section of transition ducts enhances the entrainment 
of the mainstream by the jets from the outer wall. The 
same feature inhibits the entrainment process associated 
with the inner-wall jets. This interaction produces inner 
wall jet structures to be different from the familiar kid- 
ney shape. 
The optimum relationships between orifice spacing and 
momentum flux ratio, (S/Ho) fl = C, remains unchanged in a 
turning duct when compared with straight ducts. 
Mixing is not inhibited by convergence, whether the area 
reduction is achieved in radial or circumferential direc- 
tion. 
Jet trajectories in a can (or annulus) are similar to 
those in a rectangular duct for the same values of J and 
S/Ho if the orifice spacing is specified at the radius 
that divides the can (or annulus) into equal areas. 
Jets injected from the inner wall of an annular duct exhi- 
bit structures similar to those observed in turn sections. 
The TMS empirical model assumption of mainstream velocity 
(Vm = C/r) produces results that agree well with the 3-D 
numerical model. 
The TMS empirical model predicts higher mixing rates than 
the numerical model results. Similar observations were 
made in Reference 13. 
The TMS empirical model results are expected to be accur- 
ate enough as a useful tool in the preliminary design of 
dilution zones for reverse-flow combustion systems. 
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4.2 Recommendations 
The TMS empirical model is derived from a 
exDerimental data obtained in the NASA Dilution 
model based on the 
Jet Mixing Program. 
Th; empirical model has been shown to provide good correlation-with 
the data for values of parameters within the range of the generating 
experiments, as shown in Table 4-1. Caution must be exercised when 
using the model outside of this range. Use of the empirical model in 
regions close to the jet injection plane (x/Ho <0 .25 )  is not recom- 
mended since the validity of the assumptions used in the model are 
questionable in regions close to the jet injection location. 
Furthermore, this model is not valid for predicting the mixing of a 
single jet in a confined flow or for semi-confined flows (large 
values of Ho/D or S/D). 
Although the TMS empirical model results agree well with those 
of the 3-D numerical model, they have not been compared with experi- 
mental results because of the lack of available test data. Limited 
validation of the model with data from reverse-flow combustors is 
recommended. 
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Table 4-1. Ranges of Plow and Geometric Variables 
On Which Model Is Based. 
I Independent Variables 
Density ratio, DR 
Momentum flux ratio, J 
Orifice spacing, S/Ho 
Orifice row offset, Sx/Ho 
Orifice aspect ratio 
Orifice diameter, D/Ho 
Area ratio (exit/inlet) 
Radius of Curvature in x-r plane, Rci/HO 
RadiusofCurvatureinr-zplane,Rt/HO 
Variable mainstream Q 
Derived Variables I 
Values 
0.5 to 2.2 
5 to 105 
0.125 to 1 
0.36 to 2.8 
1 to 1/3 
0.25toinfinity 
0.25toinfinity 
0 to 0.5 
0.25 to 0.5 
0.0625 to 0.25 
0.025 to 0.1 
0.075 to 0.36 
0.5 to 10 
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NOMENCLATURE 
C 
cd 
D 
Dc 
DR 
H 
J 
JID 
HO 
(S/HO) dT 
Jet discharge coefficient 
Orifice diameter 
Offset Spacing 
Density ratio = (Tm/Tj) 
Local duct height 
Duct height at injection plane 
Momentum flux ratio = (DR) (R)2 
Effective momentum flux ratio for inner wall injec- 
t ions 
Effective momentum flux ratio for outer wall injec- 
t ions 
Number of holes around can 
Radial coordinate 
Velocity ratio = (Vj/Um) 
Inner radius of curvature in x-r plane 
Outer wall radius of curvature in the x-r plane 
Mid-channel radius of curvature = (ri + r0)/2 
Inner radius of curvature at inlet in r-z plane 
Spacing between orifices 
Temperature 
Jet temperature 
Mainstream temperature 
(Tm T)/(To - Tj) 
Inlet mainstream velocity 
Jet velocity 
Axial coordinate (0 at orifice centerline) 
Cross stream (radial) coordinate (0 at injection 
wall) 
Circumferential coordinate (0 at jet centerline) 
117 
APPENDIX I 
Deviation of equations 30 and 31 in paraqraph 2.2. 
This appendix presents the deviation of equations 30 and 31 in 
paragraph 2.2 for the effective momentum flux ratios for inner and 
outer wall injections. 
Let ri and ro be the radii of curvature for the inner and outer 
walls, respectively. Note that ri= RCI and ro = RCO, as shown in 
Figure 3-1. The mean radius, rc, is given by rc = (ri+ro.)/2. 
The flow in a curved duct develops a free vortex structure 
caused by flow turning. In such a structure, the local mainstream 
velocity, Vm, can be expressed in the form Vm = C/r, where C = 2&/ 
(rq + ri), and V, is the average velocity in the duct at the jet 
injection plane. The free vortex structure results in higher main- 
stream velocity near the inner wall than near the outer wall. The 
momentum flux ratio, J, of a jet injected into a curved duct becomes: 
In an equivalent straight duct, the average mainstream velo- 
city, Jm = Vc, where Vc is the velocity in the center of the curved 
duct, and the corresponding momentum flux ratio, Jo, becomes 
The effective momentum flux ratio of the outer wall injection, 
JOD, is defined as the integrated value of Equation (A-1) over the 
upper half of the duct. 
( A - 3 )  
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Simplifying further, 
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From Figure 3-1, it is seen that at the injection plane, 
and ro/rc = 2 (l+Ho/fi)/(2+Ho/ri) 
Using these, equation ( A - 4 )  is simplified as: 
where: 
COD = (1 + Ho/RCI)/2 + Ho/RCI) 
In a similar manner, the effective momentum flux ratio, JID, is 
defined as: 
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